Analysis of model output from phase 5 of the Coupled Model Intercomparison Project (CMIP5) reveals that, in the zonal mean, the near-term projections of summertime changes of precipitation in the Southern Hemisphere (SH) subtropics are very widely scattered among the models. As a consequence, over the next 50 years, the CMIP5 multimodel mean projects no statistically significant trends in the SH subtropics in summer. This appears to be at odds with the widely reported, and robust, poleward expansion of the subtropical dry zones by the end of the twenty-first century.
Introduction
As anthropogenic greenhouse gases (GHG) continue to rise, the hydrological cycle of the earth is expected to change. Held and Soden (2006) originally proposed the ''wet gets wetter and dry gets drier'' paradigm, which consists of a local intensification of the hydrological cycle accompanying global warming. Subsequent work by Seager et al. (2007 Seager et al. ( , 2010 has emphasized that future changes of the hydrological cycle will also be affected by changes in the circulation, notably the poleward expansion of the subtropical dry zones (Lu et al. 2007 ) and the poleward shift of the midlatitude storm tracks (Yin 2005) .
More recently, Scheff and Frierson (2012a) carefully investigated linear trends in precipitation-over the period 1980-2099-as projected by the models participating in phase 5 of the Coupled Model Intercomparison Project (CMIP5) under representative concentration pathway (RCP) 8.5, the future scenario with greatest emission of greenhouse gases. They found that robust future precipitation declines are located, primarily, poleward of the subtropical minimum of the present-day precipitation climatology. This indicates a poleward expansion of the subtropical dry zones, which they found to be robust in the Southern Hemisphere over the entire seasonal cycle, confirming their earlier findings with the CMIP3 models, where they concluded that changes in extratropical precipitation, by the end of the twenty-first century, can be characterized as ''mostly midlatitude shifts'' (Scheff and Frierson 2012b) .
In this paper, we turn our attention to shorter-term projections and focus on zonal-mean hydrological cycle changes in Southern Hemisphere (SH) summer in the next 50 years. In contrast to what has been reported in Scheff and Frierson (2012a) , we show that in the coming half century, the zonal-mean projection of the precipitation changes in austral summer is not a poleward shift, as the CMIP5 models show no statistically significant shift in the SH in that season. Needless to say, the projection of such nonexistent trends over a period lasting several decades into the future is of major practical importance.
To elucidate this lack of zonal-mean trends in the coming decades, we perform modeling experiments of future projections with ozone-depleting substances held fixed at current levels. Using a stratosphere-resolving, chemistry-coupled climate model, we demonstrate that the lack of near-term changes in the SH hydrological cycle is a clear consequence of the Montreal Protocol, which is expected to cause a substantial decrease in ozone-depleting substances and to result in the closing of the ozone hole in the coming decades.
Our results build on the findings of a number of previous studies (Perlwitz et al. 2008; Son et al. 2009; Polvani et al. 2011; McLandress et al. 2011; Arblaster et al. 2011; Barnes et al. 2014 ) that have documented that the circulation changes induced by the closing of the ozone hole will largely cancel the effects of increasing greenhouse gases in coming decades. None of these previous studies, however, was specifically focused on the hydrological cycle itself. We here construct a careful budget of the water cycle for the SH and show that the effect of the Montreal Protocol-via the recovery of the ozone hole-is largely dynamical in character, rather than related to thermodynamics. This paper is organized as follows. In section 2 we describe the climate models and the numerical experiments used in this study. In section 3 we analyze the projections of hydrological cycle changes in both the CMIP5 archive and experiments with and without ozone recovery. The underlying mechanisms are also discussed in section 3. A discussion in section 4 concludes the paper.
Methods

a. The CMIP5 model output
We start by contrasting the long-and short-term projections of the CMIP5 models (Taylor et al. 2012) . We analyze the future RCP4.5 and RCP8.5 scenario integrations (Meinshausen et al. 2011) , where the total GHG radiative forcing reaches 4.5 and 8.5 W m 22 , respectively, at the end of the twenty-first century, as well as historical integrations. All 24 CMIP5 models with available monthly output of precipitation (P) and evaporation (E) are used here: they are listed in Table 1 . All of them are atmosphere-ocean coupled models; however, they comprise a mix of well-resolved and poorly resolved stratosphere components (CharltonPerez et al. 2013) . Also, the ozone concentrations in these models are specified in different ways: some of the models have interactive chemistry, while the majority simply read in the ozone concentrations from precomputed values (see Eyring et al. 2013 for more details). While the CMIP5 integrations provide the latest and, presumably, most accurate version of future projections of climate change in the presence of all known climate forcings, any direct attribution of the projected changes to specific forcings is often difficult, especially when the climate impacts of some of the forcings are of comparable magnitude but opposite in sign. To understand the causes and mechanisms underlying climate projections, it is often easier to use a single model in which individual forcings can be turned on and off, rendering the attribution exercise relatively straightforward.
b. The WACCM4 experiments
For the task of attribution, therefore, we use a specific model in which we specify single-forcing changes. These were performed with the high-top configuration of the Community Earth System Model, version 1 {Whole Atmosphere Community Climate Model, version 4 [CESM1(WACCM4)]}. WACCM4 is a stratosphereresolving atmospheric model coupled to fully interactive stratospheric chemistry, land, ocean, and sea ice components. WACCM4 is one of the models that participated in the CMIP5 exercise, and the ''historical'' CMIP5 simulations with WACCM4 have been documented in detail in Marsh et al. (2013) , which also contains a full description of that model.
In this paper we analyze two sets of WACCM4 integrations. The first set is an ensemble of three RCP4.5 model runs, performed followed the standard CMIP5 specifications for the RCP4.5 pathway, between 2001 and 2065. The second set consists of three integrations identical to those in the first set in every respect, except for the surface concentrations of ozone-depleting substances (ODS): the latter are held fixed at year 2000 values. We refer to these two three-member ensembles as two ''experiments.'' In the first experiment, labeled simply ''RCP4.5,'' stratospheric ozone over the Antarctic polar cap is fully recovered by 2065 as one can see, for instance, in Fig. 1a of Smith et al. (2012) , where the same runs were analyzed. In the second experiment, ozone concentrations at 2065 are nearly identical to those in the year 2000. Since increasing greenhouse gases are the major forcing in this second experiment, we label it ''GHG[.'' In many figures below, we also plot the difference between the two experiments: this is labeled ''ODSY,'' as ODS are the only forcing that has been changed between the two experiments. Note that while stratospheric ozone is the primary driver of the circulation changes seen in the difference plots, ODSY is the proper way to label the difference, not ''ozone[,'' since ozone is interactively computed in WACCM4: surface ODS are the external forcing. Moreover, ODS are the substances actually regulated by the Montreal Protocol, not ozone itself.
Last, for the sake of completeness, a couple of technical notes: 1) the domain of interest here is the SH, between 708 and 308S; 2) for all variables, statistical significance is evaluated via a simple Student's t test, using the 90% confidence interval; and 3) in order to accurately calculate latitudinal shifts of zonal-mean profiles, climate variables are first interpolated onto a 0.18 grid using a cubic spline interpolation.
Results
a. CMIP5 hydrological cycle projections
We start by reproducing the results of Scheff and Frierson (2012a) and, in Fig. 1a , show the future projection of P in an ensemble of CMIP5 models in the RCP8.5 scenario in austral summer during 2001-99 (red line). The curves here are calculated as the sum of the recent climatology (defined as the 1981-2000 average) plus the linear trends in the future simulations from 2001 to 2099. Compared to the climatology (thin black line), the future projection of P is well separated. Note also that the projection is robust across all latitudes at the 90% level, with a significant wetting trend at mid-to high latitudes (poleward of 508S) and a drying trend poleward of the subtropical minimum (508-408S). The precipitation decline poleward of subtropical minimum (roughly between 378 and 478S) results, therefore, in a polweward shift, as reported by Scheff and Frierson (2012a,b) .
The point of this paper, however, is that this shift disappears when one considers shorter-term projections. Consider, in particular, the projection for the shorter period 2001-65: it is shown in Fig. 1b for same CMIP5 model simulations. Despite the statistically significant wetting trend at mid-to high latitudes, the drying trend in the subtropical region (between 508 and 308S) is no longer robust among CMIP5 models. A similarly insignificant projection is found for the RCP4.5 scenario (shown in Fig. 1c ). The agreement between the two scenarios is not surprising, since the forcings are not very different by the year 2065.
Since the global distribution of precipitation minus evaporation (P 2 E) better captures the entire hydrological cycle, we show in Fig. 2a Fig. 1 , but for P 2 E. In the inset plot, the latitudinal shift of the subtropical dry zone edge, which is measured by the zero crossing of P 2 E, is plotted with a red cross for each model and the thick black cross is for the multimodel average. The bar shows one standard deviation of the multimodel results. CMIP5 models. As for P alone, the future projection of P 2 E is also well separated from its climatology by the end of the century, with a large wetting trend poleward of 508S and a drying trend equatorward of about 508S. One difference between Fig. 1a and Fig. 2a is seen around 308S, where the E increases more than P.
FIG. 2. As in
The actual value of the latitudinal shift of the subtropical dry zone edge for each model-that is, the zero crossing of P 2 E-is shown in the inset plot of Fig. 2a . As one can see, the subtropical dry zone edge shifts poleward by about 18 latitude in multimodel mean, and this poleward expansion is highly robust among the CMIP5 models: not a single model shows an equatorward shift.
For the shorter period 2001-65, Fig. 2b shows the P 2 E projections for the same simulations. Comparing these to Fig. 1b , we note that the P 2 E reduction is statistically significant in most of the subtropical region: this is due to the robust increase of E there. More importantly, in contrast to Fig. 2a , the latitudinal shift of the subtropical dry zone edge is no longer statistically significant and is more widely spread across the CMIP5 models. Furthermore, a latitudinal shift of the subtropical dry zone edge is also absent in the RCP4.5 simulations, shown in Fig. 2c , over the period of ozone recovery. Similar findings of near-zero trends in the SH summer in the coming decades have been reported in Barnes et al. (2014) . The question at this point becomes, why is the shift missing in the short-term projections?
b. WACCM4 hydrological cycle projections: The role of ODS
To attribute the missing shift of the SH subtropical dry zone edge in the coming decades directly to the Montreal Protocol, which controls ODS, we next turn to the single-forcing experiments with WACCM4. Consider first the zonal-mean P 2 E linear trend over the period 2001-65 from the RCP4.5 integrations of WACCM4, shown in Fig. 3a . Note that we here plot the trend, not the projection, as in the previous two figures; this is done to bring out the response to applied forcings. In Fig. 3a , one clearly sees a wetting trend at mid-to high latitudes poleward of 508S and a drying trend equatorward of 508S in the ensemble mean WACCM4 runs (thick red line). See also the good agreement between the individual ensemble members (thin red lines), which yields a statistically significant trend. Our WACCM4 results, also, are in good general agreement with the CMIP5 multimodel mean (blue curve), in both pattern and magnitude. And, as for the CMIP5, the latitudinal shift of the subtropical dry zone edge is statistically insignificant in WACCM4 (not shown). Now we separate the hydrological cycle response into the one due to GHG increase and the one resulting from decreasing ODS (and the accompanying ozone recovery). In Fig. 3b we show the hydrological cycle response in the GHG[ experiment, where ODS are kept fixed. See how the trends in that case are noticeably different from the RCP4.5 case. For the GHG[ case, WACCM4 projects a moistening trend poleward of 558S and a drying trend between 558 and 358S, which results in a clear poleward shift of the hydrological cycle.
The difference between the RCP4.5 and GHG[ experiments can be seen in Fig. 3c . The response to decreasing ODS consists of a wetting trend in the midlatitudes between 608 and 408S, and a drying trend in both the subtropics (between 408 and 308S, though not statistically significant) and high latitudes (poleward of 608S). Note that, the magnitude of the response in the ODSY case is similar in magnitude but opposite in sign to that of GHG[. This ODSY response is also similar in pattern-but opposite in sign-to the one reported in (roughly 1960-2000) , when the ODS forcing is of opposite sign. In other seasons, the difference between the RCP4.5 and GHG[ experiments becomes negligible (not shown), as one would expect if ozone recovery is the primary forcing canceling the effect of increased GHG.
In summary then: the future response of the hydrological cycle in austral summer will depend very sensitively on both the GHG increase and stratospheric ozone recovery, which tend to offset each other. With the anticipated recovery of the Antarctic ozone hole, the wetting trend poleward of 608S will be greatly reduced: this might have implications for the Southern Ocean (e.g., Durack et al. 2012 ) and the Antarctic continent. Furthermore, the significant poleward expansion of the subtropical dry zone associated with anthropogenic GHG increase will be also largely mitigated by the dry zone contraction due to stratospheric ozone recovery, leading to an insignificant position change of the hydrological cycle in the future. A more detailed understanding of the absence of shifts in the hydrological cycle in SH summer over the next several decades is discussed next.
c. Dynamical mechanisms associated with hydrological cycle projections
A quantitative evaluation of the mechanisms associated with the hydrological cycle response can be obtained by performing a complete moisture budget analysis, along the lines of Seager et al. (2007 Seager et al. ( , 2010 . The moisture budget analysis separates the response of P 2 E into the contributions from the thermodynamic (TH), the mean circulation dynamical (MCD), and the transient eddy (TE) components. It is written as
where bars denote monthly averages, primes denote deviations from monthly averages, and brackets indicate zonal averages. The TH term identifies the change in zonal-mean specific humidity (q), the MCD term tracks the response in zonal-mean circulation, and the TE term isolates the change in poleward moisture transport associated with transient eddies. These individual components, as they contribute to the linear trends from 2001 to 2065 in the WACCM4 experiments, are shown in Fig. 4 . To keep the figures readable, we only show the ensemble mean of three integrations in each panel. Note first that for all three cases (RCP4.5, GHG[, and ODSY), the sum of the TH, MCD, and TE terms, denoted by ''moisture flux conv'' (dashed-dotted red lines), reproduces very well the P 2 E modeled trends (solid red lines). This confirms the usefulness of the analysis to clarify the underlying mechanism.
Let us start by considering the RCP4.5 decomposition of the SH water cycle response, shown with Fig. 4a . The response of P 2 E consists of an intensification in the middle and high latitudes-say, southward of 478S-and a reduction at lower latitudes. From the budget analysis, it is clear that the transient eddy moisture flux (green line) is the largest of the three components. The mean circulation and thermodynamic terms also play some role.
In response to GHG increase, shown in Fig. 4b , the poleward shift of P 2 E is again mostly due to a shift and intensification of transient eddy moisture flux. Interestingly, the thermodynamic component makes only a minor contribution to the intensification of the hydrological cycle, as does the mean circulation. The key role of transient eddies has already been noted, for example, by Seager et al. (2010) .
In response to decreasing ODS, as seen in Fig. 4c , the change in P 2 E is a near-mirror image of the one for the GHG[ case. Furthermore, the decline in P 2 E at high latitudes in the ODSY case is caused, equally, by changes in the mean circulation and transient eddies. In other words, the cancellation of future changes in the hydrological cycle is almost entirely dynamical, not thermodynamical, 1 in origin. Finally, we compute actual values for the latitudinal shift of the hydrological cycle in the WACCM4 integrations together with the specific contributions from the dynamics, including the expansion/contraction of the zonal-mean circulation and the poleward/equatorward shift of the moisture flux associated with transient eddies. Following Lu et al. (2010) , we compute the latitudinal shift of a bell-shaped climate variable, X, using the expression
where df denotes the latitudinal shift; r and p denote the reference state and the perturbed state, respectively; the superscripts 1 and 2 denote the polar flank and the equatorward flank of the climate variable X, respectively; and dX (5)] can be found in Lu et al. (2010) . This method measures the shift of the whole pattern of X by making use of the dipolar structure of the response on the equatorward and poleward flanks, as well as the change in the magnitude of X.
We here compute the shift in three variables. The first, obviously, is P 2 E, for which we choose the latitudinal bands of 1 and 2 as 808-608 and 608-408S, centered around 608S, where the climatological maximum is located. Second, we compute the shift of the zonal-mean streamfunction C maximum at 500 mb, with bands 708-508 and 508-308S chosen for the poleward and equatorward flanks, respectively, and centered around 508S, where C is maximal in the climatology. This variable denotes a shift in the Ferrel cell. The same parameters are chosen for the third variable: the eddy moisture flux hy 0 q 0 i at 700 mb. The results are not sensitive to specific choices for the bands. Figure 5 shows the latitudinal shift of the hydrological cycle, the zonal-mean circulation, and the transient eddy moisture flux in the WACCM4 integrations. Clearly, over the period 2001-65, there is no statistically significant shift of the hydrological cycle in the RCP4.5 experiment (black crosses). Furthermore, it is crystal clear that the absence of P 2 E shifts is caused by the large 1 The thoughtful reader may have noticed that the transient eddy term TE, as defined in Eq. (4), also involves changes in specific humity (q 0 ), and hence it might be inappropriate to call this term a dynamical contribution. However, the changes in specific humidity resulting from stratospheric ozone forcing are usually very small, and it is through y 0 that the response to the forcing is realized . FIG. 4 . The WACCM4 moisture budget analysis for the linear trend in zonal-mean P 2 E in DJF for (a) the RCP4.5 scenario, (b) the GHG[ experiment, and (c) the ODSY experiment. The 1981-2000 average of P 2 E, divided by a factor of 10, is plotted in a thin black line as a reference for climatology, and the linear trend of P 2 E during 2001-65 is plotted in a thick red line. The sum of the TH (magenta), MCD (blue), and TE moisture flux convergence (green) components is denoted by ''moisture flux conv'' and is plotted in a thick dashed-dotted red line. cancellation between increasing greenhouse gases (red)-producing a poleward shift of about 0.58 in ensemble average-and the comparable equatorward shift due to decreasing ODS (and the accompanying recovery of stratospheric ozone).
In terms of mechanisms, this cancellation in the shift of the hydrological cycle comes, largely, from changes in the mean circulation and transient eddies, not the thermodynamics. While the Ferrel cell tends to move poleward in response to greenhouse warming (about 0.38 poleward in ensemble mean), the recovery of ozone shifts the zonal-mean circulation in the midlatitudes equatorward by about 0.58 latitude in ensemble average. In the WACCM4 RCP4.5 simulations, the Ferrel cell moves slightly equatorward, due to the shift on the polar flank but we find no shift on the equatorward flank (which corresponds to the southern edge of the Hadley cell, not shown). The near cancellation is also seen in the moisture transport associated with the transient eddies despite a larger ensemble spread for the RCP4.5 experiment.
Conclusions
We have shown that there exists a marked difference between the short-and long-term predictions of changes in the zonal-mean precipitation, in the SH summer subtropics, in the CMIP5 models. In a nutshell, the robust projections of midlatitude shifts that have been reported in the literature are not seen until the very end of the twenty-first century and, for the next 50 years, no significant zonal-mean trends are projected in that season in the SH.
Confirming earlier studies reviewed in the introduction, and with the help of new single-forcing integrations with WACCM4, a stratosphere-resolving model with interactive ozone chemistry, we have demonstrated that the decreased concentration of ODS (resulting in the closing of the ozone hole in the next several decades) is the key anthropogenic forcing that will cancel the GHG-induced poleward shift in the water cycle. In essence, therefore, the Montreal Protocol will result in a substantial mitigation of climate change, in the sense of a multidecadal long delay in the emergence of the effects of GHG, in SH summer.
One might be tempted to argue that the climate impacts of the Montreal Protocol will be relatively small, as they will be confined to a single season. Such an argument, however, is simplistic. First, recall that summer is the rainy season in most parts of the Southern Hemisphere, notably South America, South Africa, and eastern Australia. Second, note that while the findings here are uniquely focused on the zonal mean, there is reason to believe that the impact of the Montreal Protocol will be keenly felt in specific regions. A clear example is offered by the region known as southeastern South America (SESA), which has experienced the world's largest increase in precipitation in the late twentieth century. As shown in Gonzalez et al. (2014) , the formation of the ozone hole in the late decades of the twentieth century has been a key driver of those observed precipitation increases. Hence, as the ozone hole closes in the coming decades, there is every reason to expect that the recent precipitation increases will be greatly reduced, and possibly reversed.
Keeping in mind that we only have three ensemble members at our disposal, and that the version of WACCM used here has a relatively coarse horizontal resolution (1.98 in latitude and 2.58 in longitude), we nonetheless attempt to offer a glimpse of how on regional scales the recovery of stratospheric ozone in the coming decades might offset the impact of increasing greenhouse gases on the hydrological cycle. In Fig. 6 , we plot the 2001-65 December-February (DJF) trends in P 2 E, for four regions of interest (Australia, SESA, New Zealand, and Tasmania): the top row shows the response to increasing GHG and the bottom row shows the response to decreasing ODS. While there is little statistical significance beyond some parts of Australia and possibly SESA, we draw the reader's attention to a simple fact: the colors in the top and bottom rows are clearly reversed, indicating that the trends associated with ODS and GHG forcings are basically opposite in sign-and this happens in all four regions. Of course this is merely impressionistic, and any conclusions from a single model need to be taken with extreme cautionthat said, cancellation might actually be observable in some populated areas of the Southern Hemisphere, although we leave a thorough study of any given region for future papers. Finally, a note about internal variability: As the hydrological cycle in SH summer will be driven, in the short term, by two large yet opposing anthropogenic forcings (increasing GHG and decreasing ODS), the role of internal climate variability will be larger than what it otherwise would be. While the CMIP5 multimodel mean shows a nonexistent trend, it is entirely possible that either positive or negative trends will actually occur. Hence, while the Montreal Protocol might be said to result in a mitigation of the effect of increasing GHG in the near future, it also renders climate projections more uncertain than they would otherwise be.
